We carried out an ultrastructural analysis of axotomized synaptic terminals in Wld s and Ube4b/Nmnat ( Wld ) transgenic mice, in which severed distal axons are protected from Wallerian degeneration. Previous studies have suggested that axotomy in juvenile (< 2 months) Wld mice induced a progressive nerve terminal withdrawal from motor endplates. In this study we confirm that axotomy-induced terminal withdrawal occurs in the absence of all major ultrastructural characteristics of Wallerian degeneration. Pre-and post-synaptic membranes showed no signs of disruption or fragmentation, synaptic vesicle densities remained at pre-axotomy levels, the numbers of synaptic vesicles clustered towards presynaptic active zones did not diminish, and mitochondria retained their membranes and cristae. However, motor nerve terminal ultrastructure was measurably different following axotomy in Wld transgenic 4836 line mice, which strongly express Wld protein: axotomized presynaptic terminals were retained, but many were significantly depleted of synaptic vesicles. These findings suggest that the Wld gene interacts with the mechanisms regulating transmitter release and vesicle recycling.
Introduction
Nerve injury causes rapid degeneration of distal axons and motor nerve terminals (Waller, 1850; Miledi & Slater, 1970; Winlow & Usherwood, 1975) . In wild-type rodents Wallerian degeneration is complete within 24 -48 h, but in Wld s mutant mice, severed distal axons degenerate about 10 times more slowly (Lunn et al. 1989; Gillingwater & Ribchester, 2001 ). Electrophysiological and immunocytochemical data show that lesioned peripheral and central axons are preserved for up to 2 weeks (Ludwin & Bisby, 1992; Tsao et al. 1994 ).
This remarkable axotomy-induced phenotype is conferred in a dose-dependent fashion by the expression of a neuroprotective Ube4b/Nmnat ( Wld ) chimeric gene (Conforti et al. 2000; Mack et al. 2001) . Both Wld gene expression and axonal resistance to degeneration occur independently of age (Gillingwater et al. 2002) .
However, the molecular control exerted by the Wld gene is currently unkown. It is especially puzzling that Wld protein is concentrated, not in the cytoplasm, but in motor neuron nuclei (Mack et al. 2001) . It is also surprising that the Wld gene confers little or no protection from degeneration on cell bodies (Deckwerth & Johnson, 1994; Buckmaster et al. 1995; Gillingwater & Ribchester, 2001; Raff et al. 2002) .
Synaptic terminals also persist following axotomy in juvenile Wld s mutant and Wld transgenic mice (Ludwin & Bisby, 1992; Tsao et al. 1994; Ribchester et al. 1995) . However, synaptic protection by the Wld gene is strongly dependent upon the maturity of the nerve terminals: whereas axotomized motor nerve terminals are withdrawn in juvenile Wld s mice in piecemeal fashion, over a period of ∼ 3-10 days, in Wld s mice older than 7 months, degeneration of synaptic terminals occurs more rapidly, within 24-48 h (Gillingwater et al. 2002) .
The withdrawal of synaptic terminals induced by axotomy in juvenile Wld s mice resembles developmental synapse elimination, whereas rapid in-situ degeneration of synapses in adult Wld s mice appears more similar to wild-type Wallerian degeneration.
Ultrastructural analysis has been used to clarify the morphological characteristics of nerve terminal degeneration (e.g. Birks et al. 1960; Manolov, 1974; Korneliussen & Jansen, 1976; Bixby, 1981) . Our previous studies provided qualitative evidence of nerve terminal withdrawal following axotomy in juvenile Wld s mice. However, to date there has been no detailed, quantitative ultrastructural study of axotomized neuromuscular junctions in these mice. The explanatory power of such analysis is clear from previous studies. For example, Korneliussen & Jansen (1976) and Bixby (1981) demonstrated using electron microscopy that synaptic boutons withdraw, rather than degenerate, from polyinnervated endplates in neonatal muscle (but see Rosenthal & Taraskevich, 1977 Synaptic vesicles were defined by their clear lumen, unbroken membranes and diameters of ∼ 50 nm. Coated vesicles, dense-cored vesicles and cisternae were also counted, although the incidence of these was rare.
The proportion of the terminal filled by neurofilaments (NFs) and mitochondria (M) was calculated and then subtracted from the total area of the terminal, thereby leaving the area that could feasibly be occupied by synaptic vesicles (see Usherwood & Rees, 1972; Winlow & Usherwood, 1975) . The percentage of the area available for synaptic vesicles that was actually occupied (synaptic vesicle packing density) was then calculated: 
Results

Ultrastructure of unoperated Wld s and Wld NMJs
Analysis of NMJ profiles in unoperated Wld s mutant
and Wld transgenic mice FDB muscles ( n = 34 junctions, N = 4 muscles) revealed the same alignment of the preand post-synaptic apparatus as in other rodent muscle types (Table 1 ; Palade & Palay, 1954; Reger, 1955 Reger, , 1959 Manolov, 1974) . There were no measurable differences Gillingwater et al. 2002) and is similar to levels reported by others (Cardasis & Padykula, 1981; Lichtman et al. 1987; Wigston, 1989; Herrera et al. 1990 ).
Effect of axotomy at wild-type NMJs
Of the 28 NMJs identified in wild-type (C57Bl/6) mice 1 day after axotomy ( N = 3), only one (3.6%) was occupied ( Fig. 1A) . This profile displayed a fragmented nerve terminal being phagocytosed in situ by a terminal Schwann cell. A few SVs and dense bodies (remnants of mitochondria; Manolov, 1974) were still identifiable within the engulfed terminal. All of the remaining 27 NMJ profiles examined were vacant, with Schwann cell processes opposing vacated post-synaptic folds (Fig. 1B) .
Similar degenerative processes have previously been described at axotomized neuromuscular synapses in > 7-month-old Wld s mice; partial occupancy was rarely detected, the incidence of disrupted mitochondrial profiles was high and there was a paucity of synaptic vesicles (Gillingwater et al. 2002) .
Effect of axotomy at juvenile (< 2 months) Wld s NMJs
Examination of NMJs from axotomized 1-2-month-old Wld s mice showed preservation of synaptic ultrastructure at both fully and partially occupied motor endplates ( Fig. 1C-G) . In 3-day axotomized FDB preparations ( n = 105 junctions, N = 3 muscles), 90% of all endplates were innervated and 33% of all endplates were partially occupied (Fig. 1G) . By 4 days post-axotomy (n = 96, N = 3) these levels had reached 87% and 43%, respectively, before dropping to 53% and 31% by 7 days post-axotomy (n = 95, N = 3). These data are comparable to previous light microscopic analyses of immunocytochemically labelled preparations (Gillingwater et al. 2002) . Thus, synaptic boutons appeared to be progressively removed from their endplates, and the ultrastructure of those left behind during this process retains many of the features of intact, unoperated synaptic junctions. However, as noted previously (Ribchester et al. 1995; Gillingwater & Ribchester, 2001; Gillingwater et al. 2002) accumulation of neurofilaments was conspicuous in many of these terminal profiles. The neurofilament bundle evidently displaced organelles from the centre of nerve terminal boutons, but did not disrupt the location of mitochondria or the alignment of SVs with the presynaptic membrane (Fig. 1E,F terminals, yet were observed in < 5% of NMJs from unoperated controls (Fig. 1E ). There was no significant reduction in the density of synaptic vesicles at any time point following axotomy. Mean densities in controls (n = 34, N = 4) were maintained at 3 (n = 26, N = 4), 4 (n = 7, N = 2), 5 (n = 26, N = 4) and 7 (n = 5, N = 1) days post-axotomy (P = 0.9697, ANOVA; Table 2 , Fig. 2A ). . (E) Enduring nerve terminal bouton at a partially occupied NMJ (as indicated by areas of unoccupied post-synaptic folds; not shown). This example shows retained terminal membranes, synaptic vesicles and mitochondria, as well as accumulation of neurofilaments within its centre (white arrow). Examples of 'giant' vesicles (∼125 nm in diameter; black arrow) are also present. (F) Example of a partially occupied endplate, where the remaining bouton on the left neighbours a region of unoccupied post-synaptic specializations (white arrows), capped by the process of a terminal Schwann cell (black arrow). Scale bars = 0.5 µm (C,E,F); 100 nm (D). (G) Levels of partial occupancy at 3, 4 and 7 days post-axotomy at 2-month Wld s mouse neuromuscular junctions (mean ± SD). The dotted curve was generated using a gaussian three-parameter best-fit function in Sigmaplot.
Further analysis showed that there was no significant difference in the numbers of vesicles comparing fully occupied with partially occupied nerve terminals (Fig. 2B) . 
Effect of axotomy at juvenile Wld transgenic NMJs
Mice of the transgenic Wld-4836 line express high levels of Wld protein (under the β-actin promoter), comparable with that in native Wld s mutant mice, and show persistence of axons and synapses following axotomy (Mack et al. 2001; Gillingwater et al. 2002) .
Furthermore, the level of Wld protein expression may even be higher in the 4836 transgenic line than in native Wld s mice (Mack et al. 2001 ). During our immunocytochemical and electrophysiological analysis of these mice, we noted a discrepancy between the morphological and functional level of synaptic preservation:
more intact neuromuscular synapses were present in axotomized Wld transgenic mice than the electrophysiology had led us to believe (Gillingwater et al. 2002) . Qualitative ultrastructural analysis of NMJ profiles from 5-day-axotomized Wld transgenic FDB muscle preparations showed that motor nerve terminals were retained, similar to juvenile mutant Wld s preparations, following axotomy ( Fig. 3A,B ; n = 20, N = 2). Quantification of neurofilament levels showed a significant increase (P = 0.0015, Mann-Whitney test) in 5-day-axotomized Wld transgenic mice nerve terminals compared with controls (Fig. 3C) . However, the levels of NF accumulation were about half those observed in 2-month-old Wld s mice preparations at 5 days post-axotomy (P = 0.0047, Mann-Whitney test).
Synaptic vesicle densities were significantly reduced in 1-month transgenic preparations, by up to ∼50% compared with control and axotomized 2-month Wld s preparations (Fig. 3D) . Furthermore, even though many
Wld transgenic nerve terminals contained accumulations of neurofilaments (see above), the packing density of synaptic vesicles (21.21 ± 3.35%) was significantly reduced compared with both control (P = 0.0168) and 2-month, 5-day-axotomized Wld s (P ≤ 0.0001) preparations (Fig. 3E) . Analysis of the numbers of 'periactive zone' vesicles showed a significant and substantial reduction in Wld transgenic mice (3.17 ± 0.24; n = 48, N = 2), compared with both control (P ≤ 0.0001) and 2-month, 5-day-axotomized Wld s (P ≤ 0.0001) muscles (Fig. 3F,G) .
In order to rule out the possibility that the reduction in synaptic vesicle densities in axotomized Wld preparations resulted from a swelling of nerve terminals, we measured the total circumference of each terminal profile, as well as the total number of vesicles per terminal profile. Whereas there was no significant difference between the mean circumference of Wld nerve terminals (7.2 ± 0.67 µm) compared with controls (6.1 ± 0.32 µm; P = 0.17, Mann-Whitney test), there was a significant reduction in the total number of vesicles per terminal profile in the transgenic mice (41.56 ± 5.58) compared with controls (75.26 ± 5.52; P < 0.005, MannWhitney test). Thus, the reduction in synaptic vesicle densities after axotomy in Wld transgenic mice occurs as a result of a direct reduction in the absolute numbers of synaptic vesicles. 
Discussion
The current data extend our previous findings that (Gillingwater & Ribchester, 2001; Ribchester, 2001; Gillingwater et al. 2002) ; where endplates also become partially occupied, there is a progressive weakening of synaptic transmission, and withdrawing axons terminate in 'retraction bulbs' (McArdle, 1975; Riley, 1977; Rich & Lichtman, 1989; Balice-Gordon et al. 1993; Colman et al. 1997; Parson et al. 1997; Gan & Lichtman, 1998; Costanzo et al. 2000; Ribchester, 2001 ). Here we extend these findings to show that nerve terminal loss also occurs without any disruption of terminal architecture and /or organelles (cf. Korneliussen & Jansen, 1976; Bixby, 1981; Riley, 1981) and that neurofilaments accumulate in withdrawing synaptic terminals (M. Bishop and J. W. Lichtman, pers. comm.; but see Roden et al. 1991 ).
It has long been known that neuromuscular junctions undergo remodelling processes throughout their existence, and not only in response to pathological or developmental stimuli. Barker & Ip (1966) were the first to demonstrate that morphological rearrangements of pre-and post-synaptic neuromuscular components were detectable in normal muscles from adult mammals. It has since been suggested that such processes are associated with an age-related elaboration in the complexity of endplates (Tuffery, 1971) , and that they can occur in a wide variety of muscles in numerous different species, including: mouse sternomastoid (Lichtman et al. 1987) , frog sartorius (Herrera et al. 1990 ), mouse soleus (Wigston, 1989) , rat soleus (Cardasis & Padykula, 1981) and mouse pectineus (Hill et al. 1991) .
It is interesting to note that the ultrastructural cor- We previously suggested that mechanisms regulating neuronal degeneration are compartmentalized (Gillingwater & Ribchester, 2001) . Although the current study offers no specific insights into the molecular mechanisms of synapse-specific degenerative processes, subtle differences in the organization of synaptic vesicles provide some clues. First, the presence of 'giant' vesicles in axotomized nerve terminals of Wld s mice
suggests that synaptic vesicle recycling may be altered.
Such abnormalities in the tightly regulated synaptic vesicle machinery rarely occur during normal synaptic function, hence the standard and homogenous appearance of 50-nm synaptic vesicles in control preparations (Mundigl & De Camilli, 1994) , although the possibility that their creation in this instance was due to the processing of the tissue cannot be wholly excluded.
Nevertheless, 'giant' vesicles have been described at neuromuscular synapses in Drosophila with mutations in the wishful thinking (wit) gene (Aberle et al. 2002) , and mutations in motor-neuron-specific expression of this gene leads to a detachment and retraction of synaptic boutons. Second, synaptic vesicle densities were significantly reduced in axotomized 4836 Wld transgenic NMJs, which express more Wld protein than Wld s mutants (Mack et al. 2001) . This is of interest because the Wld gene incorporates part of an E4 ubiquitination factor (Ube4b; Koegl et al. 1999; Mack et al. 2001 ).
Thus One prediction from the present findings is that there should be distinct differences in the physiology of spontaneous transmitter release comparing axotomized Wld s and Wld neuromuscular junctions. This could be studied by recording from identified junctions in Wldexpressing mice that also express fluorescent protein in their axons (Gillingwater et al. 2002) .
In summary, our findings add further insight into the compartmental organization of degenerative mechanisms in neurons (Gillingwater & Ribchester, 2001 (Miura et al. 1993; Schaefer et al. 2002) .
